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Abstract 
Microarrays and other surface-based nucleic acid detection schemes rely on the 
hybridization of the target to surface-bound detection probes. We present the first 
comparison of two strategies to detect DNA using a giant magnetoresistive (GMR) 
biosensor platform starting from an initially double-stranded DNA target. The target 
strand of interest is biotinylated and detected by the GMR sensor by linking streptavidin 
magnetic nanoparticles (MNPs) to the sensor surface. The sensor platform has a dynamic 
detection range from 40 pM to 40 nM with highly reproducible results and is used to 
monitor real-time binding signals. The first strategy, using off-chip heat denaturation 
followed by sequential on-chip incubation of the nucleic acids and MNPs, produces a 
signal that stabilizes quickly but the signal magnitude is reduced due to competitive 
rehybridization of the target in solution. The second strategy, using magnetic capture of 
the double-stranded product followed by denaturing, produces a higher signal but the 
signal increase is limited by diffusion of the MNPs. Our results show that both strategies 
give highly reproducible results but that the signal obtained using magnetic capture is 
higher and insensitive to rehybridization. 
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1 Introduction 
Allele specific hybridization of DNA to surface-tethered complementary probes is the 
underlying principle of the DNA microarray assay, which is the standard tool for genetic 
studies. The strength of this technique lies in its capability of detecting low 
concentrations of target DNA with single nucleotide specificity. Microarrays are applied 
to, for example, the diagnosis of cancer and genetic diseases (Albertson and Pinkel, 2003; 
Ramaswamy et al., 2002; Schena et al., 1995; van ’t Veer et al., 2002). Microarray-like 
assays have been implemented in lab-on-a-chip devices aiming to decrease equipment 
cost, increase sensitivity, and reduce assay time to further enable diagnostic applications 
(Liu et al., 2004; Trau et al., 2002; Wang, 2000). Microfluidics has been employed to 
automate sample handling and to decrease assay time via mixing or driven sample flows 
to overcome diffusion limitations during hybridization (Wang and Li, 2011). Surface-
based sensing methods rely on hybridization strategies that are optimal to detect single 
stranded DNA (ss-DNA), but often a double stranded DNA (ds-DNA) product is 
available from genomic DNA or PCR amplification. For ds-DNA, the standard procedure 
is to denature the sample at high temperature (90-95 °C) prior to hybridization. The 
sample is then shock-cooled to reduce diffusion and thereby re-hybridization in solution. 
Nevertheless, re-hybridization in solution will still compete against target hybridization 
to surface-bound probes. Since hybridization in solution is generally faster than to the 
surface, several other approaches have been employed to increase assay sensitivity. 
Servoli et al.(2012) repeatedly heat denatured the target ds-DNA and exposed the 
solution to the hybridization substrate after each heat treatment. Furthermore, asymmetric 
PCR can be employed to produce ss-DNA during PCR amplification (Wei et al., 2004) or 
dsDNA can serve as template for an in vitro transcription reaction producing a large 
amount of single stranded RNA (Petersen et al., 2008). 
 
Here, we study and compare two techniques to denature ds-DNA PCR products into ss-
DNA. In addition to the standard heat and shock cooling denaturation strategy, we test 
denaturation of magnetically labeled ds-DNA target, which is magnetically trapped in a 
separation column. This removes the unlabeled, reverse PCR strand that would otherwise 
compete with surface-bound probes. The advantages and disadvantages of the two 
approaches are compared for the detection of DNA target using a GMR biosensor array, 
which monitors the surface binding in real time.  
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2 Experimental 
2.1 GMR magnetic biosensor setup 
GMR magnetic biosensor array chips, each comprising 64 sensors (Osterfeld et al., 
2008), were used to detect the biotinylated DNA target conjugated with streptavidin-
coated magnetic nanoparticles (MNPs). After activation of the sensor surface with NHS-
EDC chemistry as described by Kim et al. (2013), the active area of each sensor was 
functionalized with amino-modified DNA probes by spotting about 1.5 nL of a 20 M 
probe solution in 3SSC buffer using a robotic spotter (Scienion, sciFlexarrayer). 
Subsequently, the sensor surface was washed in Phosphate buffered saline (PBS) with 0.1 
% Bovine serum albumin (BSA) and 0.05 % Tween-20, and blocked with 1 % BSA. A 
sample well was installed on each sensor chip to facilitate exposure to liquid samples. 
 
Hybridization of complementary biotinylated target from the sample to the probes on the 
sensor surface and labeling of this target with streptavidin MNPs produced a change in 
the magnetoresistance ratio of the GMR sensor (schematic in Figure 1). This was 
measured as follows: The sensors were biased with a voltage at a frequency of f1=540 Hz 
or 590 Hz. An external Helmholtz coil supplied an alternating magnetic field of 
amplitude 3 mT at a frequency f2 = 210 Hz. MNPs near the sensor surface magnetized by 
the external AC field generate a stray field acting on the GMR biosensors (Lee et al., 
2016). The MNP signal was measured in the sensor signal at f1+f2 (Osterfeld et al., 2008). 
The signal at f1 is proportional to the resistance of the GMR sensor and was used to 
measure the sensor temperature and to correct for the temperature dependence of the MR 
signal (Hall et al., 2010). The MR ratio, MR, is defined as the ratio of the signals 
measured at f1+f2 and f1. The MR ratio measured prior to injection of MNPs is denoted 
MR0. The binding of MNPs to the sensor results in a change MR = MRMR0 of the MR 
ratio. The binding signal was taken as MR/MR0 as this compensates for possible 
variations in MR0, i.e., MR/MR0 measures the strengthening of the external applied 
magnetic field due to the presence of MNPs. It has previously been shown that MR/MR0 
is proportional to the amount of beads bound to the sensor surface and also that this 
signal is only very weakly affected by a background from a dilute suspension of MNPs 
over the sensor (Wang and Li, 2008; Yu et al., 2008). 
 
The sensor temperature was controlled using the custom built chip-holder shown in 
Figure 1a. The temperature of the aluminum chip-holder, in good thermal contact to the 
chip was controlled by a Peltier element and a Pt control thermometer. An LFI3751 
control unit (Wavelength Electronics, USA) was used to implement feedback control and 
monitor the chip temperature. 
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2.2 Detection of synthetic ss-DNA target 
Sensors were functionalized as described above with probes 1-3 as well as a biotinylated 
DNA strand (positive reference) and a DNA strand not matching the target (negative 
reference).  The target used was a 120 base long synthetic ss-DNA biotinylated at the 5’ 
end to allow for magnetic labelling. All sequences are given in the Supplementary 
Information, Table S1. Seven concentrations of target DNA from c = 0 to c = 40 nM 
were measured. First, a volume of 50 L 2SSC with target was incubated on the sensor 
array for 1h at 37°C with gentle shaking. After hybridization, unbound sample was 
washed with 750 L of 4SSC leaving 50 L of buffer in the sample well. Then, 50 L 
of stock solution of streptavidin microbeads (Miltenyi Biotec, 130-048-101) with a 
diameter of 50 nm was added to the sensor and the signal was monitored at 37C for 30 
min. Further information on the magnetic particles is given in the Supplementary 
Information, Table S2. All experiments were carried out using streptavidin MNPs as 
magnetic labels. 
2.3 Detection of ds-DNA from PCR products 
For the detection of PCR products, four sensors were functionalized with each detection 
probe as well as with a biotinylated positive reference probe and a negative reference 
probe with a sequence non-complementary to those of the PCR products.  Two probes 
designed to genotype of the BRAF c.1799 T>A single base substitution in the human 
BRAF gene were used (Table S3). The wild type (WT) and mutant type (MT) probes are 
complementary to the WT and MT target DNA sequences, respectively. 
 
A 167 bp segment of Exon 15 of the human BRAF gene was amplified for cell line 
EST100 from the European Searchable Tumor Line Database (ESTDAB). Genomic 
DNA was extracted using Qiagen AllPrep DNA/RNA/Protein Mini kit (Qiagen GmbH, 
Hilden, Germany). PCR was performed using a Veriti™ 96-Well Thermal Cycler 
(Applied Biosystems) and TEMPase Hot Start Polymerase (VWR). The primer sequences 
are given in Table S3. Amplification was run for 40 cycles of 95°C for 30 s, 56°C for 30 
s and 72°C for 30s. The ds-DNA PCR products were denatured using two different 
strategies, as schematically illustrated in Figure 2, to facilitate hybridization of the single 
sided PCR product to the detection probes on the GMR biosensor array. All 
measurements were carried out in a background of MNPs in suspension.  
Denaturation strategy 1: Heat and shock cooling 
Figure 2a shows the heat and shock cooling denaturation approach. 
Ethylenediaminetetraacetic acid (EDTA) was added to 50 L of PCR products to a final 
EDTA concentration of 10 mM. EDTA was used to sequester Mg and inhibit polymerase. 
The sample was heated to 90C for 3 min to denature ds-DNA. Subsequently, it was 
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shock-cooled to 5C for 1 min to slow down re-hybridization. The sample ionic strength 
was then adjusted by addition of 10 L of 20SSC and the solution was pipetted into the 
sensor reaction well. The target hybridization took place in an incubator at 37C for 1 h. 
The GMR array chip was washed with 750 L of 4SSC leaving a volume of 50 L 
buffer. Finally, 50 L stock solution of MNPs was added and these were allowed to bind 
to the biotinylated primer of the forward amplicon strand hybridized to the sensor 
surface. The MR/MR0 signal was monitored in real time at 37C for 30 min after the 
MNPs were added and the binding signal was taken as the value at t = 30 min. 
Denaturation strategy 2: Magnetic column separation and denaturation 
Figure 2b shows the process used for denaturation of ds-DNA amplicons using magnetic 
column separation. First, 50 L of PCR products was magnetically labeled off-chip with 
50 L stock solution of MNPs at 37C for 30 min. Subsequently, the DNA labeled with 
MNPs was magnetically trapped in a MACS µColumn (No. 130-042-701, Miltenyi 
Biotec). The ds-DNA was denatured by washing the column with 2 mL of 6 M urea in DI 
water at 75C. Urea was here used to reduce the melting temperature of the double-
stranded amplicons. Then, the forward PCR strands labeled with MNPs were eluted from 
the column with 100 L of 2SSC buffer. Finally, the sample was injected in the sensor 
well and the MR/MR0 signal from hybridization of magnetic labeled ss-DNA was 
monitored in real time at 37C for 1 h. 
3 Results 
3.1 Dose-response curve for detection of synthetic ss-DNA 
To evaluate the sensitivity and dynamic range of the GMR sensor platform for DNA 
detection, we first characterized the allele specific hybridization of a synthetic 
biotinylated ss-DNA target to the various probes tethered to the surface of the GMR 
sensors. Three probes with different lengths and C+G contents as well as positive and 
negative reference probes (Table S1) were immobilized on the sensors with four 
replicates. The MR/MR0 signal was monitored during magnetic labelling of hybridized 
targets (30 min). A four-fold serial dilution of targets from 40 nM to 39 pM and a zero 
analyte sample were measured.  
 
Figure 3 shows the end-point (30 min) hybridization signals for the three different probes 
for a dilution series of ss-DNA. Error bars represent the standard deviation (SD) of four 
identical sensors (n=4). Due to the high affinity of streptavidin-biotin bond, the signal 
reached its steady-state value in less than 30 min after addition of MNPs. The positive 
reference signal level was found to be consistent for all tested target concentrations. 
6 
 
Titration curves for all probes were well fitted with a logistic curve (full lines in Figure 
3, parameters are given in Table S4). The signals from probes 1 and 2 assumed similar 
values for all target concentrations. For c ≥ 1 nM, the signal from probe 3 was found to 
be significantly higher than those from the other two probes. In particular, the signal from 
probe 3 approached the positive reference signal for c = 40 nM, indicating that the 
detection probes were close to being saturated with the target DNA. The signal from the 
zero analyte sample (c = 0, n = 12) was MR/MR0  1SD = (0.016  0.009) %. The 
dashed line in Figure 3 represents this signal plus two SDs defining the signal 
corresponding to the limit of detection (LOD). The lowest tested concentration c = 39 pM 
was found to give a significantly larger signal than that for c = 0 pM and thus the limit of 
detection (LOD) was below 39 pM. 
3.2 Detection of ds-DNA PCR products 
To measure DNA hybridization of PCR products to surface-tethered allele specific 
detection probes, we tested the two presented denaturation strategies.  
Denaturation strategy 1: Heat and shock cooling 
First, the ds-DNA hybrids were heat denatured at 90C and re-hybridization was 
inhibited by shock cooling to 5C. The sample was then hybridized on the sensor surface. 
The streptavidin MNPs were introduced after washing and their binding to the 
biotinylated amplicons hybridized to the surface was monitored in real time. Figure 4a 
shows ΔMR/MR0 vs. time t after the MNPs were introduced. The signal was measured for 
WT and MT probes targeting the BRAF c.1799 A>T mutation as well as for a 
biotinylated positive reference probe and a non-complementary negative reference probe. 
The negative probe signal maintained a value near zero throughout the experiment and 
was thus not affected by the suspension of MNPs over the sensor. The signal from the 
positive reference as well as from the WT and MT probes increased steeply after MNP 
injection (t=0) and stabilized in 5-10 min. The signals from the WT and MT probes 
reached nearly identical values after the hybridization under low stringency conditions. 
Denaturation strategy 2: Magnetic column separation and denaturation 
For the second denaturing strategy, the biotinylated forward strand of the PCR products 
was labeled with MNPs prior to introduction to the GMR sensor array. A magnetic 
separation column was used to trap the MNPs while the complementary strand was 
denatured with high stringency 75C 6M urea. Following denaturation, the MNP-labeled 
ss-DNA was eluted from the column and injected on the GMR biosensor array. Figure 
4b shows the magnetic signal measured during hybridization of labeled DNA for WT, 
MT, positive and negative reference probes. The signals from sensors with WT, MT and 
positive reference probes increased steadily throughout the experiment. No difference 
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was observed between the signals from the WT and MT probes and their values increased 
linearly with time up to at least t = 60 min. The signal from the positive reference was 
found to increase at a lower rate than in the previous heat denaturation experiment and 
also did not reach saturation after 60 min. 
Comparison of denaturation strategies 
Figure 5 shows the end-point values for the indicated detection probes for the two 
techniques. Error bars are one SD obtained from four nominally identical sensors on each 
chip. Using both strategies, all detection probes resulted in sensor responses that were 
highly reproducible. The signals from the sensors functionalized with WT and MT probes 
were indistinguishable after hybridization at low stringency and reached about 20% of 
that from the positive reference in the experiment. Using the magnetic separation 
protocol, the end-point signals from the sensors with MT probes and the positive 
reference were roughly 20% higher than the corresponding signals obtained using 
denaturation strategy 1. 
4 Discussion 
4.1 Dose-response curve for detection of synthetic ss-DNA 
DNA detection on GMR biosensor array was tested with synthetic ss-DNA. We obtained 
an LOD ≤ 39 pM and a dynamic range of concentrations of more than 1000. Compared to 
previous work by Xu et al. (2008), the hybridization reaction was performed in this study 
only for one hour, showing the feasibility of fast hybridization assays on GMR sensors. 
The dose-response curves differed strongly for the three probes due to the differences in 
length, C+G content and probe sequence. Although the longest probe (probe 3) showed 
the highest signal at all investigated concentrations, all probes resulted in similar LODs. 
Only the signal from probe 3 approached the positive reference value. For this probe, it 
was therefore possible to achieve a surface density of bound target giving rise to an 
amount of bound MNPs similar to that for the positive reference.  
4.2 Strategies for detection of ds-PCR products 
Both investigated denaturation strategies were found viable for detection of PCR 
products on the GMR biosensor array. The signals from identical sensors (n = 4) were 
found to be highly reproducible. The choice of biotinylated DNA as positive reference 
probe allowed for a quickly settling and stable reference signal in denaturation strategy 1. 
For both strategies, the negative reference produced a signal indistinguishable from the 
measurement noise. 
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Figure 4 presented the magnetic signal increase vs. time for both denaturation strategies. 
The observed signal increases differed greatly because of the different binding 
mechanisms for the two denaturation strategies. In heat denaturation, the measurements 
were performed during magnetic labelling of the target already hybridized to the surface 
probes. Hence, the final signal depended on the surface density of captured target and due 
to the high biotin-streptavidin affinity, the reaction kinetics was only limited by diffusion 
of MNPs to the sensor surface. Therefore, the signals from the WT and MT probes 
increased steeply immediately after bead injection and quickly reached their final values. 
The labelling with MNPs took place after washing. Therefore there was no biotinylated 
DNA in solution competing for the streptavidin binding. On the other hand, during 
hybridization, the entire solution of PCR products was injected on the surface. Thus, the 
surface detection probes competed with the reverse PCR strand for hybridization of the 
forward strand target. This competition limited the final surface binding signal. 
 
In denaturation strategy 2, the real time signal of Figure 4b was measured while the 
MNP-labeled DNA hybridized to the sensor surface. During hybridization the target 
DNA as well as biotinylated primers were bound to MNPs. Thus the reaction kinetics 
was limited by both the lower affinity of DNA hybrids as well as translational and 
rotational diffusion of MNPs with DNA available for binding to the sensor surface. 
Nevertheless, the sample matrix during hybridization was much simpler than for 
denaturation strategy 1, because the magnetic separation removed the reverse PCR strand 
as well as un-used primers and the PCR buffer. Without the competing species, the 
hybridization signal increased linearly with time during the 60 min of hybridization and 
would saturate at a higher signal if incubated for even longer time. A similar argument is 
valid for the positive reference signal. After magnetic separation, the MNPs were 
decorated with target DNA as well as with biotinylated primers. This limits the number 
of sites on the MNPs available to link to the biotinylated positive reference probe. 
Therefore, the binding kinetics for the positive reference was slower than for denaturation 
strategy 1. We speculate that the lower saturation signal from the positive reference in 
denaturation strategy 1 was due to blocking of the positive reference probes by unspecific 
binding of other species in the complex sample matrix during hybridization. 
 
Employing low stringency during hybridization allowed for a faster incubation. For both 
denaturation strategies, the endpoint signals for WT and MT probes for the BRAF c.1799 
mutation were undistinguishable. After low stringency hybridization it was not possible 
to genotype SNPs since both perfectly matched and single point mismatched hybrids 
were stable in those conditions. We have previously demonstrated that single base 
mismatches can be detected using a magnetoresistive sensor platform by challenging the 
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hybrids with a stringent washing (Rizzi et al., 2014) and/or increasing temperature (Rizzi 
et al., 2015) to characterize the melting profiles for the WT and MT probes. 
4.3 Consequences for biosensing applications 
Both denaturation strategies showed strengths and weaknesses related to the reaction 
kinetics, particle diffusion and complexity of the matrix. Denaturation strategy 1 (heat 
denaturation) is simple and produces a fast signal increase during incubation of MNPs on 
the sensor. However, the signal is reduced and may be sensitive to the timing of the 
sample handling due to the competitive target in solution. Furthermore, components of 
the sample matrix, such as polymerase, may interfere with the analysis. Denaturation 
strategy 2 is operationally more complex due to the magnetic column separation and the 
signal increase during incubation on the sensor is at present limited by the diffusion of 
MNPs in solution. However, it offers a higher signal and allows for real time 
hybridization measurements that can be used for kinetic studies. Since the target is 
labeled with MNPs, it is potentially possible to integrate magnetic sample handling (van 
Reenen et al., 2014) and magnetic focusing of the target to the surface (Graham et al., 
2005; Morozov and Morozova, 2006) to automate sample preparation and enhance MNP 
diffusion to the surface. Such approaches may substantially reduce the incubation and 
analysis time. 
5 Conclusions 
The dynamic range and limit of detection of the giant magnetoresistive platform for 
detection of a single-stranded DNA target was characterized. The dynamic range covered 
at least three orders of magnitude from below 40 pM to above 40 nM with a 1h 
incubation time and results were found to be highly reproducible.  
 
The sensor platform was used to compare two strategies to the detection of a biotinylated 
target, which was initially found as a double-stranded PCR product. The two strategies 
aim to denature PCR product to obtain ss-DNA for surface hybridization. 
 
Both strategies gave highly reproducible results and took about 1.5 hours of processing 
from the initial PCR product to the final result. Shock cooling has the advantage that it is 
well established for microarray readouts but the disadvantage that it is less robust and 
produces lower signals due to rehybridization of the target in solution. The magnetic 
column separation provides an efficient separation and purification of the single-stranded 
target. This results in a higher signal with no interference from other components of the 
sample. However, disadvantages of the method are the longer required incubation time 
and the added cost of the magnetic separation column. Both protocols have the potential 
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to be substantially shortened, e.g., by reducing incubation times via active mixing (Wei et 
al., 2005) or by magnetic capture of the nanoparticles on the sensor surface (Morozov and 
Morozova, 2006). 
 
The presented denaturation strategies and results are relevant for all surface-based 
hybridization assays for the detection of DNA, which is initially double-stranded, where 
magnetic nanoparticles are involved. This particularly involves all magnetoresistive 
sensor platforms. Our future work aims to use the presented methods for genotyping of 
mutations in DNA. 
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Figure 1:  (a) GMR biosensor array chip mounted in temperature controlled chip holder.  
The chip-holder temperature is monitored via a Pt thermometer and regulated using a 
Peltier element. (b) Detection principle. Streptavidin-MNPs are linked to the GMR 
sensor surface via binding to a biotinylated DNA target hybridized to surface-tethered 
probes. The MNPs are detected by the magnetoresistive sensor as a perturbation of the 
magnetic field applied by external Helmholtz coils. (c) Schematic procedure for 
measurement of the hybridization of synthetic ss-DNA. The biotinylated target DNA is 
hybridized to the surface probes. After washing, streptavidin MNPs are introduced and 
the signal change is detected at the end-point of the incubation. 
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Figure 3: End-point detection of synthetic ss-DNA. GMR sensors were functionalized 
with probes 1-3 and biotinylated positive reference DNA. After 1h incubation of target 
DNA in a 4-fold dilution ladder from 40 nM to 39 pM, the signal was measured after 
washing unbound sample and adding MNPs over the sensor surface. Error bars are 
signal standard deviations (n = 4). The dashed line corresponds to the limit of detection, 
defined as the average zero-analyte signal for probes 1-3 plus two standard deviations 
(n=12). The curves are logistic function fits to the data (parameters in Table S4). 
 
 
Figure 2: The two strategies employed to obtain ss-DNA from ds-DNA PCR products. (a) 
Detection strategy 1: The PCR products are heated to 90°C, shock cooled and incubated on 
the sensor for 1h. After low stringency washing to remove unbound sample, Streptavidin 
MNPs are added and the signal is measured during magnetic labeling of the biotinylated 
target already bound to the sensor surface. (b) Detection strategy 2: The PCR products are 
incubated with MNPs and captured in a magnetic separation column. After denaturation 
of ds-DNA with 6M urea at 75°C, the MNPs labeled with forward strand are eluted and 
hybridized on the sensor. Here, the signal is measured during 1h hybridization of 
magnetically labeled target. 
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Figure 4: Real-time signals from GMR sensors for WT and MT probes for the BRAF 
c.1799 A>T mutation as well as positive and negative reference probes. (a) Results for 
denaturing strategy 1 (heat denaturation) where the signal is measured while labeling 
DNA hybridized to the sensor surface with MNPs. (b) Results for denaturing strategy 2 
(magnetic separation) where the signal is measured during hybridization of MNP-
conjugated DNA to the surface-tethered probes. All results are shown in triplicate with 
different brightness of the color for sensors with identical probes. 
 
 
 
Figure 5: End-point signal after 30 min labeling (heat denaturation) or 60 min 
hybridization (Magnetic separation) over GMR biosensor array. Error bars are one 
standard deviation (n = 4).  Signals were measured for WT and MT probes for the BRAF 
c.1799 A>T mutation as well as positive and negative reference probes. 
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Supplementary information 
 
Table S1: DNA sequences of probes, reference and target for dose-response measurements on a 
single-stranded synthetic target. 
 
Probe 1 NH2-C6-5'-(9×T) CCC TGT GGG GCA AGG TG -3' 
Probe 2 NH2-C6-5'-(9×T) GAG GAG AAG TCT GCC GTT ACT G -3' 
Probe 3 NH2-C6-5'-(9×T) GGC AGG TTG GTA TCA AGG TTA CA -3' 
Biotin-DNA NH2-C6-5'-(9×T)TGC GAG CTT CGT ATT ATG GCG -3'- TEG-biotin 
Target 
Biotin-5'-TCT CCT TAA ACC TGT CTT GTA ACC TTG ATA CCA ACC TGC 
CCA GGG CCT CAC CAC CAA CTT CAT CCA CGT TCA CCT TGC CCC ACA 
GGG CAG TAA CGG CAG ACT TCT CTT CAG GAG TCA GAT-3' 
 
  
2 
 
Table S2 – Information on Miltenyi Microbeads 
The magnetic nanoparticles (MNPs) used for this work are MACS Streptavidin Microbeads (cat: 
130-048-102, Miltenyi Biotec Norden AB, Lund, Sweden). The MNPs are composed of multiple 
iron oxide cores (Maghemite γ-Fe2O3) encapsulated in a polymer shell. The particle shell is 
functionalized with streptavidin for conjugation with biotinylated target. The numbers given in the 
table below were obtained from Bechstein et al. (2015), Koh and Sinclair (2007), and Koh (2008), 
where more information can be found. The binding capacity for biotinylated DNA was estimated to 
90 molecules/MNP by measuring depletion of 20 nM biotinylated fluorescently labelled DNA (200 
µL) upon addition of 0-5 µL stock solution of MACS Streptavidin Microbeads and subsequent 
magnetic column removal of MNP-DNA conjugates. 
 
Nominal 
particle 
diameter 
Measured 
particle 
diameter 
Magnetic 
core 
diameter 
Number 
of cores 
per 
particle 
Particle 
number 
concentration 
(stock) 
Particle 
magnetization 
Saturation 
field 
50 nm 46±13 nm 13±4 nm 11 2∙1012 (mL)-1 2.47∙104 A/m 1.77∙105 A/m 
 
Table S2: Primers and probe sequences for BRAF c.1799 T>A amplification and genotyping. 
 
Primers  
BRAF Exon 15 
fw biotin- C6-5’- TTT TCC TTT ACT TAC TAC ACC TC -3’ 
bw 5’- GGA AAA ATA GCC TCA ATT CT -3’ 
Probes 
BRAF c.1799 T>A 
WT NH2-C6-5’-(9×T)   TC CAT CGA GAT TTC ACT GTA GCT AGA C -3’ 
MT NH2-C6-5’-(9×T) CTC CAT CGA GAT TTC TCT GTA GCT AGA C -3’ 
References Pos. NH2-C6-5'-(9×T)TGC GAG CTT CGT ATT ATG GCG -3'- TEG-biotin 
Neg. NH2-C6-5’-(9xT) GTG GGG CTA GGT G -3’ 
 
Table S3: Fitting parameters from logistic fit to dose response data for the three tested probes.  
Equation: y=A (x/x0)
p
/(1 + (x/x0)
p
) 
 A [‰] x0 [nM] p 
 Value Std. Error Value Std. Error Value Std. Error 
Probe 1 37 28 147 266 0.632 0.083 
Probe 2 18 2 32.7 7.2 0.683 0.017 
Probe 3 17 1 2.54 0.56 0.981 0.070 
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